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ABSTRACT

Protein-protein interaction (PPI) network maintains
proper function of all organisms. Simple high-
throughput technologies are desperately needed to
delineate the landscape of PPl networks. While re-
cent state-of-the-art yeast two-hybrid (Y2H) sys-
tems improved screening efficiency, either individ-
ual colony isolation, library preparation arrays, gene
barcoding or massive sequencing are still required.
Here, we developed a recombination-based ‘library
vs library’ Y2H system (RLL-Y2H), by which multi-
library screening can be accomplished in a single
pool without any individual treatment. This system is
based on the phiC31 integrase-mediated integration
between bait and prey plasmids. The integrated frag-
ments were digested by Mmel and subjected to deep
sequencing to decode the interaction matrix. We ap-
plied this system to decipher the trans-kingdom in-
teractome between Mycobacterium tuberculosis and
host cells and further identified Rv2427c interfer-
ing with the phagosome-lysosome fusion. This con-
cept can also be applied to other systems to screen

protein-RNA and protein—-DNA interactions and de-
lineate signaling landscape in cells.

INTRODUCTION

As a fundamental milestone in the advancement of sci-
ence, the human genome project has deciphered almost the
entire gene sequences in our genetic instruction set and
greatly promoted the progress of the current biomedical re-
search. As the final product of most genes, proteins inter-
act with each other and compose complicated and elegant
networks to maintain the proper biological activities in all
organisms. While the next generation sequencing technolo-
gies further facilitate genomic sequencing, the lack of high-
throughput proteomic approaches for decoding proteomic
networks hampers the systematical understanding of the
molecular proteomic machinery of life. Generally, two ap-
proaches have been applied to investigate these intriguing
protein networks. The proteomics-based approaches usu-
ally take advantage of mass spectrometry technologies to
decipher the protein complex precipitated by a specific pro-
tein. Although this type of approach is straight forward, it
is expensive and very challenging to detect low abundant
proteins. Also, it is hard to distinguish direct and indirect
interactions by this method (1). Protein array is another
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proteomic approach to identify protein interactions (2). Al-
though it can be high-throughput, this method requires ex-
pensive and laborious protein purification processes. The
genomic approaches, such as yeast two-hybrid (Y2H) sys-
tem and phage display system, utilize cDNA to encode pro-
tein library and screen the library by various reporter sys-
tems.

Y2H is a powerful tool, which has been extensively ap-
plied to decipher gene function and signaling pathways
in most organisms. During the last two decades, a lot of
progress has been achieved for Y2H system to reduce the
cost and labor for large-scale library screening (3—-6). How-
ever, for most Y2H systems, it still needs to pick up indi-
vidual colony or prepare arrays for specific yeast clones.
Recently, several high-throughput Y2H systems such as
eY2H, Smart-pooling Y2H, Y2H-Seq, Stitch-Seq Y2H,
BFG-Y2H have been developed to improve the library
screening efficiency (2-4,7-10). While these systems sub-
stantially increase the Y2H screening efficiency, the time-
consuming and costly individual treatment, such as plas-
mid isolation and PCR amplification of individual positive
colonies, individual arrays for library preparation, or indi-
vidual gene barcoding, are still required. For example, the
recently reported BFG-Y2H system utilizes Cre recombi-
nase to tag each bait and prey genes with a specific bar-
code and identifies all interacting proteins simultaneously
by high-throughput sequencing (9). However, the barcode
fusion mediated by Cre recombinase can be reversible, it
may influence the efficiency of the system. Nevertheless,
BFG-Y2H system can easily decode the interaction net-
work via reading these chimeric protein-pair barcodes from
pooled Y2H-positive colonies. Since barcoding each bait
and prey is required before screening, it is still laborious,
expensive, and even not applicable when a large number
of proteins need to be tested for interactions. A very re-
cent study developed a CrY2H system for all-by-all high-
throughput PPI screening. Instead of fusing barcodes for
bait and prey genes, this system could directly link the in-
teracting bait and prey pairs after screening (11). All of
the PCR products of fused bait and prey genes were then
randomly sheared and subjected to sequencing. Although
this system does not require individual gene barcoding, it
needs massively deep sequencing for big PPI network, as
only a small fraction (2.4%) of the CrY2H reads can be
mapped to both prey and bait genes (11). Thus, a simple,
high-throughput and cost-effective Y2H library vs library
system without any individual treatment is highly desired
to explore the intricate and intriguing protein interaction
landscape.

The microbes parasitized in host cells equip with two
PPI networks. One constitutes of the proteins from the mi-
crobes themselves, and the other includes proteins from
the microbes and host cells. The later trans-kingdom pro-
tein interaction network plays an important role in per-
turbing and modulating the host protein network, so that
the microbes can escape the immunity and colonize host
cell. Mycobacterium tuberculosis (M.tb) is an intracellular
pathogen causing the most devastating zoonotic disease in
the world (12). In 2015, 10.4 million new TB cases have been
reported and 1.8 million died from this disease worldwide,
which demonstrated TB became the leading infectious dis-
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ease, even ranking above HIV/AIDS. During the process
of infection and parasitization, the membrane and secre-
tory proteins of M.th extensively and specifically interact
with host proteins to enter the cells, inhibit cellular anti-
pathogen proteins, reprogram the host gene expression, and
finally colonize the cells. One striking phenomenon is that
M.tb could arrest phagosome maturation and escape into
the cytosol for survival (13,14). In addition, the cytosolic
M.th perturbs host autophagy pathway by their secretory
proteins, such as ESAT6, PknG (15,16). Deciphering the in-
teractome between M.tb and host is pivotal to understand
the molecular pathological basis of tuberculosis and facili-
tate the identification of anti-M.tb drug targets.

The aim of this study is therefore to develop a simple, low-
cost and high-throughput library vs library Y2H screen-
ing system without any individual treatment and apply it
to delineate the global trans-kingdom protein interaction
network between the M.th proteins (all the secretory and
membrane genes) and the host proteins (TB susceptibility
gene, immunity and autophagy-related genes).

MATERIALS AND METHODS

Plasmid construction

The bacterial attachment site ATTB and phage attach-
ment site ATTP were inserted behind the BamHI site of
Clontech GAL4 Y2H vector pGBKT7 and pGADT?7, re-
spectively, by recombination. The PhiC31 expression cas-
sette Pol III:PhiC31:Cycl terminator was inserted into
pGBKT7-ATTB and pGADT7-ATTP vector backbones at
the site of Avrll and Nhel, respectively, to generate mBD
and mAD vectors for the following library construction.
All insertions were confirmed by Sanger sequencing. The
expression efficiency of the modified vectors was tested by
comparing the transformation efficiency and interacting
strength to the conventional ones using the known positive
interacting pair, murine p53 and SV40 T-antigen. The PCR
primer synthesis and DNA sequencing were performed by
Shanghai Sangon Biotech, China.

Library construction, screening and data Analysis

See Supplemental Experimental Protocol for RLL-Y2H.

GFPph-mCherry-LC3 stable cell line construction and au-
tophagy assay

Raw264.7 cells were maintained in a humidified incuba-
tor at 37°C with 5% CO, and grow in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 mg/ml strep-
tomycin. The H11 site homolog arms were amplified from
the genomic DNA of Raw264.7 cells by PCR. The eGFP
gene was mutated to a pH super-sensitive version using
NEB site-direct mutagenesis kit according to the manufac-
turer’s protocol. The mutated eGFP was then fused with
mCherry-LC3 and homology arm by overlapping PCR
(The sequence was shown in Supplemental Figure S6). The
gRNA (5-CACCTTTAGTCATAGTGTTG-3') targeted to
the H11 site in the Raw264.7 cell was designed and cloned
in CRISPR/Cas system vector px335 according to the
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protocol from http://www.genome-engineering.org/crispr.
GFPph-mCherry-LC3 with H11 site homology arms and
px335-gRNA plasmid were co-transfected into Raw264.7
cells using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. The cells with GFPph-
mCherry-LC3 reporter were selected by FACS (BD, CA,
USA). For autophagy assay, the aggregation and intensity
of GFP/mCherry fluorescence signal were measured by flu-
orescence microscopy (Olympus, Japan) and analyzed using
Imagel, as previously described (17).

Statistical analysis

A Two-way ¢-test was used to analyze the significant differ-
ences of all the experiments by GraphPad Prism (version
5.01) software (San Diego, CA, USA). Differences were
considered statistically significant when P < 0.05.

Supplemental experimental protocol for RLL-Y2H

Bait and prey library construction. A total of 542 M.th
(H37Rv) membrane and secretory protein ORFs (a kind gift
from Dr Xiao in Huazhong Agricultural university, based
on the previous studies and prediction by M.th genome
website: http://tuberculist.epfl.chand http://www.tbdb.org)
were amplified and cloned into mBD vector by recombi-
nation. Basically, PCR products with homologous arms
and linearized mBD vector were together transformed into
yeast strain Y2Hgold, and plated on SD/-T selective plates.
The growing colonies were then amplified to confirm that
a PCR fragment was integrated into mBD vector properly
via Sanger sequencing or plasmid digestion.

The positive colonies for 542 ORFs were then separately
mated with Y187 strain harboring empty mAD vector and
were plated onto SD/-LT and SD/-AHLT selective plates
to test their self-activation. Those not showing any self-
activation were then pooled and used as the bait library.

A total of 316 host protein ORFs were amplified from
BALB/c mice lung and brain cDNA.The ORFs include
Autophagy-related genes (www.mblintl.com), SNARE
genes (Cell signaling technology, www.cellsignal.com), TB
susceptible genes, Jak/Stat signaling, 1L 6 receptor family,
NF-kB signaling, T cell receptor signaling, as well as TLR
signaling pathway (18-21). These ORFs were cloned into
the mAD vector individually, and the subsequent plasmids
were transformed into yeast strain Y187. Mixtures of
transformants of every 20 plasmids were mated with
Y2Hgold harboring murine p53 to rule out those showing
sticky interaction or self-activation. The rest were pooled
and used as the prey library.

Y2H library screen. Mate the bait and prey libraries at 50
rpm in 4 x 50 ml of 2xYPDA medium for 24 h.

Next day, collect the cells and resuspend in 15 ml 0.9%
NaCl, and plate onto 50 SD/-AHLT selective plates and
grow for ~7 days, meanwhile plating several dilutions on
SD/-L, SD/-T and SD/-LT selective plates to calculate the
mating efficiency.

Pool all positive colonies from SD/-AHLT to isolate the
integrated plasmids using the Yeast Plasmid Kit (OMEGA,
D3376-01) according to the user manual.
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High-throughput DNA library construction. Amplify the
recombinated bait and prey fragments using the isolated
integrated plasmids from the pooled positive colonies and
amplify for 18-20 cycles. A smear band should be visible on
agarose gel.

Digest the purified PCR products with Mmel (NEB,
CA) which yields a ~110 bp target band, followed by low-
melting gel purification.

Prepare Illumina P5 and P7 adapters by annealing
overhang NN-nucleotides P5: 5-ACACTCTTTCCCT
ACACGACGCTCTTCCGATCTNN-3 and 5-AGATC
GGAAGAGCGTCGTGTAGGGAAAGAGTGT-3; P7:
5-GATCGGAAGAGCACACGTCTGAACTCCAGTC
AC-3 and 5-GTGACTGGAGTTCAGACGTGTGCT
CTTCCGATCNN-3', respectively.

Add P5 and P7 adapters to purified 110bp fragments by
T4 ligation at 16°C for more than 2 h.

Amplify the ligation products wusing primers
(5'-AATGATACGGCGACCACCGAGATCTACAC
TCTTTCCCTACACGACGCTCTTCCGATCT-3  and
5-CAAGCAGAAGACGGCATACGAGAT(index)GT
GACTGGAGTTCAGACGTGTGCTC TTCCGATC-3)
to construct high-throughput sequencing library.

The deep sequencing was performed on HiSeq2000 se-
quencer (Illumina, CA, USA).

Data processing.  Scan all the reads for ATTL site ‘TAGC
GTGCGGGTGCCAGGGCGTGCCCTTGAGT

TCTCTCAGTTGGGGGCGTTGAC’ and Mmel recog-
nition sites “TCCGAC’.

Retain the reads containing about 20bp DNA flanking
both sides of Mmel-ATTL-Mmel structure for subsequent
analysis.

Trimmed the sequences to 13 bp from the ends of raw
reads. Built the reference libraries based on the ORFs in bait
and prey libraries (There are 542 bait and 316 prey ORFs
in the case of this study).

Align the trimmed sequencing pairs against the reference
libraries using BLAST+. Only unique mapping reads with
no mismatch and the sequence pairs in which both of reads
could be aligned unambiguously with no mismatch are re-
tained.

Interaction frequency of an interacting protein pair can
be calculated by counting the sequence pairs that could be
aligned to them.

RESULTS
Design of the technology

To establish a high-throughput system which allows si-
multaneous PPI screening between a bait library and a
prey library, the bait and prey vectors of the conventional
Y2H system from Clontech were modified to develop a
novel recombination-based ‘library versus library’ Y2H
system, designated RLL-Y2H (Figure 1). The design of
this system is based on the high efficient DNA integration
ability of PhiC31 as well as its specific recognition sites,
ATTB and ATTP (22,23). Basically, ATTB and ATTP
sites were fused right behind the bait and prey genes,
respectively. In the presence of PhiC31 integrase, the bait
and prey plasmids will be irreversibly integrated into
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Figure 1. Flowchart of Recombination-based ‘Library vs Library’ Y2H system (RLL-Y2H) screening. (A) The yeasts with bait and prey plasmids are
mated and only the yeasts containing interacting bait-prey pairs can grow on SD/-AHLT selection plates. The bait and prey plasmids are integrated into a
single plasmid so that the interacting bait and prey genes are paired in a single DNA fragment. (B) The integrase PhiC31 recognition sites ATTB and ATTP
are inserted right behind the bait and prey genes, respectively. PhiC31 is inserted into the backbone and is driven by the Pol III promoter. The integrase
PhiC31 recognizes ATTB and ATTP sites and integrates the bait and prey plasmids into a big plasmid in vivo which unambiguously couples the interacting
pair of specific bait and prey genes. The ADH1 promoters and polyadenylation sites, as well as their positions after the recombination were indicated by
the green bars with letter ‘P’ and “T”, respectively. The stop codons are indicated by the red lines right behind Bait and Prey. (C) The recombinated bait
and prey fragments are amplified and digested by Type II restriction enzyme Mmel to generate ~110 bp fragments containing bait tail-ATTL-prey tail,
followed by DNA sequencing library construction and high-throughput sequencing.
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a single plasmid, in which the bait and prey genes are
fused at tail-to-tail orientation with an ATTL linker in
between (designated bait-ATTL-prey) (Figure 1A-C;
Supplemental Figure SIA-C). In order to highly express
PhiC31 and avoid competition with the ADH1 promoter
which drives the bait and prey genes, we screened sev-
eral Saccharomyces cerevisiae promoters and selected
Pol 111 promoter to drive PhiC31 expression for its high
activities. As illustrated in Figure 1B, PhiC31 together
with its recognition sites ATTB and ATTP were inserted
into pGBKT7 and pGADT?7 vectors of the Matchmaker
GAL4-based two-hybrid assay system to generate new
bait and prey vectors named mBD and mAD. The derived
plasmids containing bait and prey genes were introduced
into diploid yeast cells via mating and selected on dropout
plates lacking Adenine/Histidine/Leucine/Tryptophan
(SD/-AHLT). The integration of bait and prey plasmids
occurred in individual yeast cells in vivo and only the cells
containing positive interacting protein pair could grow
on the selective SD/-AHLT plates. The survived cells
containing interacting bait-and-prey pairs were pooled for
DNA extraction and PCR amplification. This approach
avoids individual yeast isolation, DNA preparation and
individual gene barcoding, therefore greatly reduces the
laborious workload. Moreover, the sequences of the fused
bait and prey amplicons can be used to unambiguously
decode each interacting bait-and-prey pair and allow high
throughput ‘library vs library’ PPI screening. The PCR
amplicons of fused bait and prey pairs were mostly more
than 1 kb with variable sizes, which are very challenging for
high-throughput sequencing. To this end, type II restriction
enzyme Mmel (which cuts DNA ~20 bp downstream of its
recognition site) recognition sequences were inserted right
after bait and prey genes, respectively, to generate a~110
bp DNA fragments containing a pair of 20 bp interacting
proteins cDNA strands and ATTL linker in between (Fig-
ure 1C). These fragments were then ligated with Illumina
P5 and P7 adapters and subjected to high-throughput
sequencing.

Development of the technology

To test the efficiency of this RLL-Y2H system, positive con-
trols consisting of a well-known interacting protein pair,
murine p53 and SV40 T-antigen (24), were inserted into the
mBD and mAD of RLL-Y2H system, respectively. The in-
teraction was clearly detected (Figure 2A), and the trans-
formation, mating efficiency as well as the interacting effi-
ciency were compatible with the conventional Y2H system
(data not shown). To investigate the integration efficiency,
the survived colonies containing p53 bait plasmid and T-
antigen prey plasmid on the SD/-AHLT selective plates
were used to amplify the p5S3-ATTL-T-antigen integration
fragment. As shown in Figure 2B, amplification of each
colony yielded the expected PCR products, and the pre-
cise integration was further confirmed by Sanger sequenc-
ing (Figure 2C). Next, this p53-ATTL-T-antigen integra-
tion fragment was digested by Mmel, which generated an
expected ~110bp fragment comprising of p53 Mmel end,
ATTL linker and T-antigen Mmel end (Figure 2D). To-
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gether, these data provide proof of the concept for our novel
high-throughput RLL-Y2H system.

Construction and screening of M.tb bait library and host prey
library

Next, we applied this RLL-Y2H system to investigate the
interactome between M.tb and host cells, which occurs
mostly between the membrane and secretory proteins of
M.th and immunity-related proteins, the autophagy path-
way proteins and M.tbh susceptibility genes of host cells.
To this end, 542 M.th (H37Rv) membrane and secretory
protein ORFs (predicted by http://tuberculist.epfl.ch and
http://www.tbdb.org) and 316 mouse immunity-related pro-
teins, M.th susceptibility genes, autophagy pathway pro-
tein ORFs (18-21) were cloned to construct the bait and
prey libraries, respectively (Figure 3A, Supplemental Ta-
bles S1 and S2). Each bait and prey was tested for self-
activation before screening. Twenty out of 542 baits were
detected as self-activators, and were therefore excluded for
the subsequent screenings (red marked in Supplemental Ta-
ble S1). The bait library was mated with the prey library
in 4 x 50 ml mating culture with~17% mating efficiency,
yielded ~8800 colonies on SD/-AHLT selective plates. All
the colonies were pooled for plasmid extraction and PCR
amplification. A smear band representing integrated bait-
ATTL-prey fragments were observed (Figure 3B) and then
harvested for Mmel digestion, which generated a ~110bp
band comprising of the bait Mmel end, the ATTL linker
and the prey Mmel end (Figure 3C). These digested prod-
ucts were ligated with Illumina P5 and P7 adapters to gen-
erate a high-throughput sequencing library (Figure 3D). To
evaluate the reproducibility of the RLL-Y2H system, we
performed two independent parallel screening from a small
bait library containing 150 M.th genes and a small prey li-
brary containing 200 host cell genes. To decode the protein
interaction network between M.th and host cell from the
high-throughput sequencing data, a custom script was used
to filter raw data, align reads and construct PPI network
(Figure 3E). As shown in Figure 3F, 190 out of 227 of the
paired interacting bait and prey sequences from screening
1# can be re-captured by an independent screening 2# (with
273 pairs).

Delineation and confirmation of PPI network between M.th
and the host

Next, we performed the full screening with 542 ORFs of
M.tb and 316 ORFs of host cells. Among 46 million raw
reads, 14 million reads could be mapped as M.rb-host in-
teracting protein pairs. We identified a total of 1,438 PPIs
between 82 M.th proteins and 128 host proteins (Figure
4A; Supplemental Table S3). The interaction frequencies of
M.th-host protein pairs were calculated based on the num-
ber of corresponding aligned reads. Of note, the number of
the interaction pairs with low sequencing counts (<5) is dra-
matically higher than that of the others (Figure 4B). To ob-
tain a high-quality protein interaction network, the interac-
tion pairs with low counts (<5) were excluded from PPIs.
Meanwhile, the distribution of host and TB proteins ac-
cording to the number of their interactors showed that there


http://tuberculist.epfl.ch
http://www.tbdb.org

el7 Nucleic Acids Research, 2018, Vol. 46, No. 3

PAGE 6 OF 12

A B
mAD-T + mBD H mBD-p53
AD + mBD-p53
MAD + mB0-p Ligated T-p53
Cc
p53 Mmel ATTL Mmel T
CTG«\CTGCCTCTGCATCCCGTTGG,1«\GCGTGCGGGTGCC\GGGCGTGCCCTTGAGTTCTCTCAGTTGGGGGCGTTGACTGTTTC\GGTTCXGGGGG«\

Figure 2. Proof-of-principle experiment of RLL-Y2H system. (A) Positive control interacting protein pair, murine p53 and SV40 T-antigen were inserted
into mBD and mAD of RLL-Y2H system and were transformed into yeast respectively. Only the yeasts containing both p53 and SV40 T-antigen but not
the controls can grow on SD/-AHL T selection plates. (B) After plasmid extraction from yeast, p53, SV40 T-antigen and their recombinated fragments
were amplified by PCR. (C) Sanger sequencing of the recombinated p53 and SV40 T-antigen fragments. The linker ATTL and Mmel sites were highlighted.
(D) The PCR products of the recombinated p53 and SV40 T-antigen fragments before (left panel) and after (right panel) Mmel digestion.

were long tails in both graphs indicating a small amount
of proteins with a large number of interactors (more than
45, Figure 4C and D).Thus, the proteins with more than
45 interactors were also removed from the network, as they
are most likely sticky proteins with high chance to physi-
cally but not physiologically interact with many proteins.
Finally, we delineated a PPI network between M.tb proteins
and host proteins containing 441 PPIs (Figure 4E; Supple-
mental Table S4). The host proteins were divided into sev-
eral groups according to their physiological functions such
as toll-like receptor signaling, T cell receptor signaling, Au-
tophagy, M.tb susceptible genes, Jak/Stat signaling, NF-
kB signaling and B cell receptor signaling. The PPI sub-
networks belong to specific signaling pathways were then
constructed to show their potential physiological function
(Figure 5A and Supplemental Figures S2 and S3).

As each screening system can generate false positive data,
the identified PPIs were then subjected to interaction retest.
To systematically evaluate the false positive rate, 269 ran-
domly selected protein interaction pairs were transformed
into Y187 and Y2HGold yeast strains, respectively, and

were mated to confirm their interaction individually. As
shown in Supplemental Figure S4 and Table S5, 189 out of
269 (70.3%) protein interaction pairs can be confirmed. To
verify the cutoff value (five counts), we re-tested 40 inter-
acting pairs with less than 5 counts. As shown in Supple-
mental Figure S5 and Table S6, only 6 out 40 (15%) could
be confirmed, which was much less than the average pos-
itive rate (70.3%). Meanwhile, the positive rate of re-test
data from the randomly selected 269 interacting pairs were
plotted against their sequencing counts. As shown in Sup-
plemental Figure S5, the positive rate and the sequencing
counts are positively correlated, suggesting that sequencing
count 5 is a rational cutoff.

Identification of the M.tb proteins interfering autophagy in
host cells

Next, we aimed to clucidate the potential physiological
function of the PPI network we identified between M. b and
the host cells. As an intracellular pathogen, M.tb interferes
with host cell defense machinery, such as autophagy path-



PAGE 7 OF 12

B
542 M.tb ORFs 316 Host ORFs

Mating & Screening

@

Nucleic Acids Research, 2018, Vol. 46, No. 3 el7

E
s Sequencing data
: '
; Select flanking sequences
i [ Scan attl and Mmel sites H it M 4% b ot j
i Y
(4 Retain unique mapping Align both side subreads to
§ subreads with no mismatch bait and prey libraries respectively
=
<

\

[Calcula!e interaction fnequency)—»( Manually modify ]

PPI network

Construct network

Screening 2#

Screening 1#

Figure 3. RLL-Y2H M.tbh and host libraries construction and screening. (A) Flowchart of M.zb bait library and host prey library construction and screen-
ing. A total of 542 M.th ORFs and 316 host protein ORFs were cloned and transformed into yeast Y2HGold and Y1871 strains, respectively. The bait
library and prey library were mated for screening in a single pool. (B) After plasmid isolation from the positive colony pool, the recombinated prey and bait
fragments were amplified and (C) digested by Mmel. (D) Electrophoresis of the RLL-Y2H sequencing library. (E) Flowchart of sequencing data analysis
and PPI network construction. (F) Venn diagram of the bait-prey pair library sequencing data from two independent screening.

way (25). Thus, the sub-set network between M.th and au-
tophagy pathway was extracted from the entire PPI network
(Figure 5A). To test whether the M.tb proteins in this net-
work could potentially interfere with host cell autophagy,
we generated a stable cell line expressing GFPph-mCherry-
LC3 for autophagy assay. More specifically, eGFP were mu-
tated to a pH super-sensitive version (26) and then fused
with mCherry and LC3. This autophagy reporter was in-
serted into the Hllsite (27) of Raw264.7 cell genome us-
ing CRISPR/Cas system (Figure 5B; Supplemental Fig-
ure S6A and B). In this cell line, rapamycin could dramat-
ically induce autophagy as indicated by the aggregation of
GFP/mCherry dots and their decrease of GFP/mCherry
fluorescence ratio which changed in response to the pH
gradient due to phagosome-lysosome fusion (28). Next,
38 M.tb genes in this M.th-autophagy PPI network and a

control (empty vector) were individually transfected into
this stable cell line (Figure 5B). Autophagy was induced
by rapamycin and then subjected to florescence assay. Of
note, transfection of Rv2427c could significantly rescue the
rapamycin-induced decrease of GFP/mCherry fluorescence
ratio of aggregation dots, suggesting this protein can in-
terfere with autolysosome formation (Figure 5C and D;
Supplemental Figure S7). We also performed immunoflu-
orescence experiment to confirm the expression of Rv2427¢c
in GFPph-mCherry-LC3 Raw cell line as shown in Sup-
plemental Figure S7. According to our PPI network, four
host autophagy pathway related proteins (PERK, Rubi-
con,TSC2 and WASP) have been confirmed to interact with
Rv2427c. As the interaction frequency of PERK and TSC2
were dramatically lower than that of Rubicon and WASP,
we further verified the interaction between Rv2427c and Ru-
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Figure 4. Delineation the protein interaction network between M.tb and host cells. (A) The whole genome PPI network between M. b bait and host cell.
Blue nodes represent TB proteins and yellow nodes represent host proteins. (B) The distribution of TB-host protein interaction pairs according to their
sequencing counts. 5 was chosen as cut-off as there was a dramatic increase of interaction pairs below 5 counts. (C and D) The distribution of host and TB
proteins is according to the numbers of their interactors. The sticky proteins (>45 interactors) have higher degree than others and therefore were cut-off
for future analysis. (E) The filtered PPI network between M. b bait and host cell.

bicon and WASP by bimolecular fluorescence complemen-
tation (BiFC) assay in eukaryotic system. As shown in Fig-
ure SE and F, the interaction between Rv2427¢ and WASP
can be validated by the BiFC assay. However, the interac-
tion between Rv2427¢ and Rubicon could not be confirmed
by this approach and needs to be further investigated.

DISCUSSION

Y2H is an ideal system to screen direct PPI but suffers a
lot for its intensive labor. While recent-state-of-the-art high-
throughput Y2H technologies, such as Smart-pooling Y2H,
Y2H-Seq and Stitch-Seq Y2H systems reduced the Y2H
screening efforts and cost (3,4,7-9). These systems require
either individual arrays to prepare gene library, yeast trans-
formation or individual treatment for plasmid extraction
and PCR amplification which are still expensive and time-
consuming. A recently reported BFG-Y2H system inge-
niously tags each pair of bait and prey genes with a specific
barcode and utilize Cre-lox system to fuse barcodes from
distinct plasmids (9). As Cre-lox system mediated barcode
fusion can be reversible, it may influence the efficiency of
the system. Nevertheless, this system can easily decode the
interaction network via reading these chimeric protein-pair

barcodes. However, it is still laborious and expensive when a
large library with unique barcodes needs to be prepared. Re-
cently, a CrY2H system was developed for all-by-all high-
throughput PPI screening, in which the PCR products of
the fused bait and prey genes were randomly sheared for se-
quencing (11). Although this system doesn’t need barcoding
individual gene, only 2.4% CrY2H reads contain sequence
of both prey and bait genes. Thus, to delineate a big PPI net-
work, a massive deep sequencing is required. In this study,
the RLL-Y2H system took advantage of a highly efficient
recombination activity of Phic31 integrase to efficiently and
irreversibly combine a bait and a prey into a single plasmid
invivo (22,23). As the length of fused DNA fragments of in-
teracting bait and prey genes are long and diverse, they are
not suitable for high-throughput sequencing. To this end,
we inserted Mmel restriction sites on both ends of bait and
prey genes, which could release a 110bp fragment after di-
gestion. This fragment is suitable for high-throughput se-
quencing, of which the sequences containing matrix infor-
mation of interacting bait and prey pair can be directly used
to decode PPI networks without any barcoding procedure.
Together, our simple RLL-Y2H system could substantially
reduce screening time, cost and labor work, and has the-
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oretically the capacity for genome-widely massive library
vs library screening. Compared with the approaches men-
tioned above, our system has several advantages: 1) No re-
quirement for individual treatment such as plasmid isola-
tion and PCR amplification; 2) No requirement for gene
barcoding which allows big library vs library screening at
once for huge PPI network; 3) The application of Mmel di-
gestion can efficiently remove the massive deep sequencing
noise. As an intracellular pathogen, M.tb has equipped with
various machinery to evade host immune system in order to
replicate and persist within host cells. A trans-kingdom in-
teractome is hence evolved when M.th proteins encounter
host proteins. The center of this interactome is the interac-
tion network between M.tb secretory and membrane pro-
teins and the host immunity- and autophagy-related pro-
teins. Here, we applied the RLL-Y2H system to decipher the
central PPI network between M.th and host cells and to in-
vestigate the physiological role of the subset interaction net-
work between M. b and host autophagy pathway. Interest-
ingly, Rv2427¢ was identified to interfere with phagosome-
lysosome fusion, which may play an important role in per-
turbing host autophagy pathway. It has been shown that
WASP is crucial for lysosome motility (29), and can directly
bind to ezrin which is required for the efficient fusion of
lysosome and phagosome (30). Therefore, it could be pos-
sible that Rv2427¢ may interfere the physiological function
of WASP by direct protein-protein interaction and thus in-
hibit autolysosome formation. It would be of great impor-
tance to further investigate the physiological role of these
M.th proteins in counteracting autophagy pathway, such as
initiation, elongation, maturation and recycling. These will
shed a light on the pathogenesis of M.7h and may facilitate
the identification of anti-M.tb drug targets.

Limitation

One general shortcoming of high throughput screening is
the high false positive rate. In our study, 70.3% of PPI were
confirmed by independent retransformation of the 269 ran-
domly chosen pairs of the identified interacting proteins. In
two previous large-scale human interactome screening stud-
ies using traditional Y2H system, the authors could ver-
ify 65% and 78% of the identified interactions, respectively
(6). A recent study developing CrY2H-seq system for PPI
screening demonstrated a positive rate of 73% (11). Our
positive rate is comparable with previous studies, suggest-
ing that the ~29.7% false positive rate is unlikely due to the
modification of the conventional Y2H system or interfer-
ence by the PhiC31. It is rather a common feature of Y2H
screening which usually yields a certain amount of false
positive interacting proteins (31-33). In this scenario, we
showed that 190 out of 227 pairs of the interacting protein
pairs can be re-captured by independent parallel screening.
It would be ideal if the PPI screening system could also be
applied to quantify the protein interaction strength. The-
oretically, this can be semi-quantified by the frequency of
sequencing reads, as the strong interactors generally grow
faster than those weak interactors. However, it is challeng-
ing at this stage, mostly due to the fact that the amplification
of the integrated plasmids could be biased. Since the length
of the fused bait and prey fragments before Mmel digestion
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is very diverse, ranging from ~600 bp to 5 kb. Compared
to the long fragments of the fused bait-prey, the short frag-
ments might be most likely over-amplified due to the bias
of PCR amplification. This problem might be solved by us-
ing emulsion PCR which could independently amplify the
individual DNA on beads (34). It is thus possible to update
RLL-Y2H as a semi-quantitative screening system to map
the PPI strength by the frequency of sequencing reads. Ev-
ery technology has its own most suitable application. In this
regards, RLL-Y2H is more suitable for large-scale library
vs library interaction screening. For medium scale PPI net-
work screening, array-based Y2H such as eY2H, Mini-pool
Y2H or Smart-pooling Y2H might be a better option. In
our system, although the gene coding region will not be af-
fected after recombination, the lack of polyadenylation sites
may affect the expression of bait and prey proteins. Nev-
ertheless, in our positive control experiments using P53-T
pair, the yeast could grow properly on selective plates, sug-
gesting that the expression of bait and prey genes were not
significantly affected. This could be attributed to several
reasons: (i) the bait, prey and fusion plasmids are all present
simultaneously in a zygote yeast; (ii) the fusion of bait and
prey plasmids happens after the expression of phic31, dur-
ing this time the bait and prey genes are independently ex-
pressed and can thus initiate the expression of the selective
marker genes if they bind to each other; (iii) even there are
no polyadenylation sites after the bait and prey genes in fu-
sion plasmids, these genes can still be expressed at a cer-
tain level. In future studies, this system could be updated by
moving the polyadenylation sites to the fronts of ATTB and
ATTP sites (Supplemental Figure S8), so that the expression
of all bait and prey genes would not be affected at all after
recombination. In our study, we plotted the numbers of the
host or TB proteins against the number of their interactors
and found long tails in both graphs. These proteins located
in the end of tails are most likely sticky proteins with high
chance to physically but not physiologically interact with
many proteins, and were therefore removed from PPI net-
work. It would be ideal to experimentally verify this cutoff
value. However, while we can design a rational experiment
to verify the lowest cutoft value, there is no perfect experi-
ment to validate the highest cutoff value. The cutoff value
needs to be carefully selected for different experiments de-
pending on the sequencing depth, overall positive rate and
some other factors.

Perspective

Other than Y2H for PPI screening, this recombination-
based ‘library vs library’ screening concept can also be ap-
plied to other yeast screening systems such as Y1H (35,36)
and Y3H (37,38). These approaches may open new avenues
for delineating the global PPI, protein-DNA and protein—
RNA interaction landscape and might pave the way to un-
derstand the details of the signaling processes in cells.
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